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The dorsal ocelli are commonly considered to be incapable of form vision, primarily due to underfocused dioptrics. We investigate the
extent to which this is true of the ocelli of the locust Locusta migratoria. Locust ocelli contain thick lenses with a pronounced concavity
on the inner surface, and a deep clear zone separating retina and lens. In agreement with previous research, locust ocellar lenses were
found to be decidedly underfocused with respect to the retina. Nevertheless, the image formed at the level of the retina contains substan-
tial information that may be extractable by individual photoreceptors. Contrary to the classical view it is concluded that some capacity
for resolution is present in the locust ocelli.
 2007 Elsevier Ltd. All rights reserved.
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The dorsal ocelli of adult insects are a set of simple lens
eyes, present on the heads of many insects in parallel with
the compound eyes. They consist of only a single, large
aperture lens, followed by several hundreds of photorecep-
tors which converge onto a few tens of interneurons (Rev.
Goodman, 1981). Ocellar interneurons project to target
neuropils either directly, or through a small number of
intervening synapses (Guy, Goodman, & Mobbs, 1979;
Mizunami, 1994a; Reichert & Rowell, 1985; Strausfeld,
1976).
Despite their apparent simplicity, the function of the
ocelli has remained elusive. Early studies were frustrated in
their attempts to ﬁnd clearly ocellar driven behavioural
responses. Compounded by wide diversity in ocellar number0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.01.020
* Corresponding author. Address: Research School of Biological
Sciences, Australian National University, P.O. Box 475, Canberra, ACT
2601, Australia. Fax: +61 2 61253808.
E-mail address: rberry@rsbs.anu.edu.au (R.P. Berry).and morphology, this lead to the development of numerous
and varied proposals of ocellar function (Cornwell, 1955;
Goodman, 1965; Kastberger & Schuhmann, 1993; Lazzari,
Reisman, & Insausti, 1998; Parry, 1947; Schricker, 1965;
Schuppe & Hengstenberg, 1993; von Hess, 1920).
One morphological feature that has been consistently
observed in a wide range of species is a lack of optical
resolving power; ocellar lenses typically form focal planes
well beyond the proximal limit of the retina (Cornwell,
1955; Homann, 1924; Parry, 1947; Schuppe & Hengsten-
berg, 1993; Warrant, Walle´n, & Wcislo, 2006; Wilson,
1978). Poor spatial resolution is compounded by high con-
vergence ratios from retinula cells to second-order neurons,
which is presumed to preclude the possibility of spatial
information processing by higher order neurons.
Based on these observations, Wilson (1978) proposed
what is now widely considered to be the major function
of the ocelli in ﬂying insects. He suggested that the ocelli
monitor global changes in illumination for the purpose of
maintaining a stable attitude during ﬂight. Flying insects
typically have three ocelli, which are located on the apex
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position of the horizon when in level ﬂight. The lateral
ocelli are directed to the left and right of the head, respec-
tively, while the median ocellus is directed straight ahead.
During ﬂight, diﬀerences in perceived illumination levels
from each of the three ocelli encode information that can
be used to maintain a level attitude about the pitch and roll
axes. A roll to the left, for example, results in a darkening
of the left lateral ocellus, and a brightening of the right lat-
eral ocellus, while a pitch upwards results in a brightening
of only the median ocellus. As each ocellus can essentially
be considered as a single optical sensor rather than consist-
ing of a number of individual pixels, this concept has been
referred to as the single sensor hypothesis (Stange, Stowe,
Chahl, & Massaro, 2002) and this convention is also
retained here.
The attraction of the single sensor hypothesis lies in its
simplicity and apparent applicability to several insect types.
It is supported by several strands of evidence. First, the
ocelli tend to be especially prominent in vigorously ﬂying
insects, and ﬁelds of view centred close to the equator result
in the optimal detection of deviations about the pitch and
roll axes (Neumann & Bu¨lthoﬀ, 2002). Second, ocellar pho-
toreceptors and interneurons are predominantly sensitive
to UV light (Chappell & DeVoe, 1975; Mobbs, Guy,
Goodman, & Chappell, 1981; Kirschfeld & Lutz, 1977;
Hu, Reichert, & Stark, 1978; Wilson, 1978), a wavelength
range at which contrast between the sky and ground is very
strong. Third, one of the two classes of ocellar second-
order neurons have particularly large axonal diameters
(L-neurons). In dragonﬂies, for example, the axonal diam-
eter of L-neurons may approach or exceed 30 lm (Berry,
Stange, Olberg, & van Kleef, 2006; Chappell, Goodman,
& Kirkham, 1978; Patterson & Chappell, 1980). This sug-
gests that these neurons are especially suitable for the con-
veyance of urgent information, such as would be expected
from a system involved in ﬂight control. Fourth, the rela-
tionship between ocellar interneurons and ﬂight motor
neurons is well established. Structural layering is not pres-
ent in the ocelli, and the number of synapses between sen-
sory input and motor output is small (Guy et al., 1979;
Mizunami, 1994a; Reichert & Rowell, 1985; Strausfeld,
1976). In locusts, ocellar mediated signals may reach the
thoracic ganglia in just 12 ms, which is less than half the
latency of the fastest known compound eye driven unit
(Reichert & Rowell, 1985). Lastly, reports of ocellar med-
iated behavioural responses soon followed the development
of the single sensor concept. In tethered ﬂying dragonﬂies,
stimulating the ocelli with light results in dorsal light
responses of the head (Stange & Howard, 1979; Stange,
1981), and Taylor (1981a) found similar head motions
when rotating an artiﬁcial horizon around tethered locusts
with the compound eyes ablated.
However, a growing body of evidence suggests that the
single sensor hypothesis does not apply to a number of
insects, but rather that some degree of spatial resolution
is an integral part of the function of these eyes. An exampleis the dragonﬂy median ocellus, which has been shown to
be capable of substantial spatial resolving power based
on morphological, dioptric and eyeshine observations
(Stange et al., 2002), as well as intracellular recordings of
its photoreceptors (van Kleef, James, & Stange, 2005)
and second-order neurons (Berry et al., 2006). An addi-
tional example is the ocelli of diurnal and nocturnal paper
wasps, the lenses of which have recently been shown to
form foci close to the proximal limits of the retinae (War-
rant et al., 2006).
Additionally, it is now evident that even ocelli with
highly underfocused lenses may still be capable of form
vision. In the case of the blowﬂy Calliphora erythrocephala,
Schuppe and Hengstenberg (1993) determined the spatial
cut-oﬀ frequency of the ocellar lens at various locations
and found that although the lens was decidedly underfo-
cused, a poor quality astigmatic image was formed at the
location of the retina. Objects of spatial wavelengths 56
or greater in the vertical plane, and 135 or greater in the
horizontal plane were resolved by the lens at this location.
Given that the single sensor hypothesis was largely
established from work performed on the locust ocelli, it
is of interest to review the extent to which the morphology
and dioptrics of these eyes limit their behavioural roles to
single sensor type functions. In the present paper ocellar
morphology is determined by traditional sectioning tech-
niques, as well as three-dimensional reconstructions. The
optical properties of the lenses are determined by direct
observation using the hanging-drop technique (Homann,
1924). Image quality is assessed by determination of mod-
ulation transfer functions (MTFs), as has been used previ-
ously on biological lenses, for example, in humans
(Campbell & Green, 1965), in ﬁsh (Jagger, 1996), and in
skipper butterﬂies and agaristid moths (Land, 1984). MTFs
are determined over a range of distances corresponding to
locations normally covered by the ocellar retina. Possible
functional roles for the locust ocelli are considered.
2. Method
2.1. Experimental animals
All experiments were performed on the locust Locusta migratoria
(Acrididae). Locusta were either obtained from a supplier (Blades Biolog-
ical, United Kingdom), in which case they were used for experimentation
within two weeks of arrival, or obtained from a laboratory breeding
colony.
2.2. Histology
Fresh heads were partially dissected in ﬁxative (3.7% formaldehyde,
2.5% glutaraldehyde in 0.01 M phosphate buﬀered saline) by removing
the mouthparts, frons and cuticle from the back of the head. Samples were
then postﬁxed in 1% phosphate buﬀered osmium tetroxide, dehydrated
through a graded alcohol series, and ﬁnally embedded in a hard Araldite
502 resin. Microwave radiation (Pelco BioWave 34700-230) was often used
to greatly reduce processing times during the following steps; ﬁxation:
1.8 min on, 1.8 min oﬀ, 1.8 min on at 150 W; osmication: 3.6 min on,
3.6 min oﬀ, 3.6 min on at 80 W; dehydration: 70 s at 250 W; inﬁltration:
5.4 min at 250 W. Semi-thin sections of 1 lm thickness were cut on a Reic-
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and imaged on a Zeiss Axioskop with a SPOT RT digital camera
(1024 · 1300 pixels).2.3. Three-dimensional reconstructions
Selected sets of serial sections were used to generate three-dimensional
reconstructions of the ocelli. Section alignment and image segmentation
were performed in the program Amira (Mercury Computer Systems). Out-
put surfaces from Amira were imported to the program Silo (Nevercenter
Ltd.), and manually redrawn to greatly reduce surface polygon count and
smooth the original surface. Images of reconstructions were obtained by
exporting all surfaces to Blender (Stichting Blender Foundation), and ren-
dering with the internal Blender rendering engine.2.4. Focal length measurement
All optical experiments described here are based on the hanging drop
method originally described by Homann (1924), and used elsewhere for
analysis of ocellar optics (Stange, 2002; Berry, van Kleef, & Stange,
2007b; Warrant et al., 2006; Wilson, 1978). Brieﬂy, excised and cleaned
ocellar lenses were suspended from a droplet of tap water or physiological
saline (105 mM NaCl, 1.5 mM KCl, 0.9 mM CaCl, 2.4 mM NaHCO3)
which itself is suspended from a glass coverslip (Fig. 1). The lens was ori-
ented so that the outer surface was surrounded by air and the inner surface
by water. The coverslip was placed onto a rubber O-ring attached to a
glass slide, and the edges sealed with vacuum grease to create an evapora-
tion proof chamber. The chamber was then placed onto the stage of a
compound microscope, the condenser of which had been removed. The
back focal distances or BFD of the lenses (the distance between the innerFig. 1. Schematic diagram of the hanging drop method used for analysis
of the imaging quality of ocellar lenses. Circular inset to the right shows a
cross-sectional enlargement of the lens chamber. The ocellar lens (L) is
suspended in a droplet of saline (R) from coverslip (P). Coverslip is
separated from slide (S) by a rubber O-ring (O). The entire slide chamber
is attached to the arm of a micromanipulator (A) and positioned over
stimulus (D). An LCD monitor was used to display wide ﬁeld stimuli at a
distance of eﬀective inﬁnity from the lens. The image plane of the ocellar
lens was magniﬁed by microscope (M) and imaged by a digital camera (not
shown). Dashed grey line indicates the optical axes of the specimen lens
and microscope.surface of the lens and the plane of best focus) were determined by placing
a single dark bar over the base of the microscope lamp at a distance of
130 mm from the lens (eﬀective inﬁnity), and determining the distance
required to shift the focus of the microscope objective from the inner sur-
face of the lens to the plane of best focus. The result is an apparent dis-
tance, which is corrected to an absolute distance by multiplying by the
refractive index of the immersion medium (1.33 in the case of water,
1.34 in the case of saline). For each preparation, twenty measurements
were made to allow for variations between measurements caused either
by slack in the microscope gearing system, or experimenter error. To test
for possible astigmatic eﬀects in the ocellar lenses, the BFD was measured
with the object placed either horizontally or vertically across a plane per-
pendicular to the optical axis of the eye in level ﬂight. The focal length (f)
of each lens was also directly determined by transverse magniﬁcation using
the formula:
f ¼ s ki
ko
; ð1Þ
where s is the distance between a test object and the lens, ko is the size of
the object, and ki the size of the corresponding image at the focal plane.
2.5. Analysis of image quality
The optical quality of Locusta ocelli at the focal plane was not
assessed, because these lenses were focused so far beyond the retinal layer
that analysing image quality at this point would be physiologically mean-
ingless. Instead, the imaging quality of these lenses was measured at var-
ious points of defocus behind the inner lens surface, over a range of
distances that covers the entire scope of the retina. The method used here
is adapted from the procedure originally described by Schuppe and Heng-
stenberg (1993).
The basic setup used to determine the back focal distance of the lens
was also retained here with two exceptions. First, a Goodfellow microma-
nipulator was used in place of the microscope stage to focus the specimen at
the desired location, as this was found to be more accurate. Second, stimuli
were displayed on an LCDmonitor rather than on the foot of a microscope
lamp. A schematic diagram of the experimental setup is shown in Fig. 1.
The experimental procedure consisted of focusing the microscope objective
at incrementally increasing distances behind the inner surface of the lens
and collecting a series of images at each point. The series consisted of
images of diﬀerent wavelength gratings at two orientations (horizontally
and vertically modulated). The contrast present in each of the images
was determined and used to construct MTFs at each point of defocus.
The stimuli used were sinusoidally modulated black and green gratings
of spatial wavelengths ranging from 20 to 1 and consisting of a 50% duty
cycle, such that the average intensity of light passing through the grating
remained constant. Because ocellar lenses have large ﬁelds of view, corre-
spondingly large object patterns were used as the test stimuli. For this pur-
pose, an LCD monitor was found to be suitable as it allowed the
presentation of gratings over a wide ﬁeld of view at a distance of 10.28
cm from the ocellar lens (eﬀective inﬁnity). Using a 20· objective with a
numerical aperture of 0.4 allowed objects within ±23.5 of the optical axis
of the objective to be imaged.
Because the object patterns were projected across a plane covering a
large visual angle, the patterns were corrected to maintain constant angu-
lar size from the viewpoint of the lens. Images were collected on a Canon
Powershot G2 digital camera using remote shutter operation. Uncom-
pressed RGB images were transferred to a computer, where the green
channel of the image was isolated. A low frequency component was
removed from the resulting greyscale image to prevent obtaining falsely
high contrast values. This phenomenon occurs due to the concentration
of light by the ocellar lens into the optical axis of the microscope objective,
such that the image appears overly bright at the centre and dark at the
edges (Fig. 2). This artefact is only problematic if viewing a relatively large
area of image space as used here. Theoretically, intensity proﬁles of images
of various wavelength gratings should ﬂuctuate about a stationary mean
intensity value (Campbell & Green, 1965; Campbell & Gubisch, 1966;
Warrant & McIntyre, 1993). This expectation can be approximated very
Fig. 2. The eﬀect of light concentration on image contrast. A grating is
imaged through the median ocellar lens of the dragonﬂy Hemicordulia tau
(see Berry et al. (2007a)) in (A). Plotting the raw greyscale values from this
image along the dashed line in (A) gives the black line in (B). The result is
an artiﬁcially high contrast due to light concentration near the centre of
the image, which gives high maximum intensities (Imax), and low minimum
intensities (Imin). The low frequency component is removed by high-pass
ﬁltering and the result is the much ﬂatter grey line in (B). The contrast
obtained from ﬁltered values approximates theoretical expectations, and
relates much more closely to the spatial wavelength of the object than non-
ﬁltered values.
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pixel values from the resulting ﬁltered image were determined and used
to calculate the contrast (m) present in the image by use of the Michelson
equation:
m ¼ ðImax  IminÞðImax þ IminÞ : ð2Þ
The camera and image analysis program were checked for nonlinearities in
the mapping of intensity to greyscale values by successively decreasing the
intensity of a light source with neutral density ﬁlters, and determining the
mean greyscale value of the resulting image. The mapping was found to be
nonlinear, therefore a calibration curve was constructed to correct mea-
sured greyscale values to linear greyscale values. Object contrast (the con-
trast inherent in the object itself) was determined by calculating the
contrast present in the image of a large wavelength grating produced by
the curved outer surface of a water droplet suspended from a coverslip.
2.6. Theoretical description
In addition to calculating focal lengths directly by transverse magniﬁ-
cation, theoretical focal lengths were also determined from the radii of cur-
vatures of the median and lateral ocellar lenses (as ascertained from
histological sections) using the following equation (Land, 1981):1
f
¼ n2  n1
r1
þ n3  n2
r2
 dðn2  n1Þðn3  n2Þ
n2r1r2
; ð3Þ
where n1, n2 and n3 are the refractive indices of the outer surrounding med-
ium, the lens, and the inner surrounding medium respectively, r1 and r2 are
the radii of curvatures of the inner and outer surfaces of the lens, f is the
focal length, and d is the distance separating the two refracting surfaces.
The sensitivity (S, in units of lm2 sr) of the ocelli was assessed by
application of the Land sensitivity equation, the following form of which
has been revised for broad spectrum light (Warrant & Nilsson, 1998):
S ¼ p
4
 2
A2
d
f
 2 kx
2:3þ kx
 
: ð4Þ
In this case A is the aperture of the lens, f its focal length, d is the rhabdom
diameter, x is its length, and k is the absorption coeﬃcient.
2.7. Terminology
The terms horizontal and vertical planes, and horizontally and verti-
cally modulated are used frequently below. These terms are useful to sim-
plify description of the anatomy and optical properties of the ocelli, but
may require some explanation.
Horizontal and vertical planes are used to describe the morphology of
the ocelli, and are used with respect to the local co-ordinate system of the
lens itself. The horizontal plane is always equivalent to the transverse plane
of the insect, while the vertical plane is essentially equivalent to the sagittal
plane when describing the median ocellus, and the coronal plane when
describing the lateral ocelli (which are oriented almost perpendicularly to
the median ocellus). Horizontally and vertically modulated are used to
refer to the orientation of grating stimuli as viewed through a lens. These
are used with reference to a ‘‘world’’ co-ordinate system such that, for
example, a vertically modulated grating consists of horizontally oriented
bars (like the horizon), the contrast of which varies with elevation. Con-
versely, horizontally modulated gratings consist of vertically oriented bars,
the contrast of which varies with azimuth. Note that resolution in the ver-
tical plane is assessed from vertically modulated gratings, and vice versa.
3. Results
3.1. General orientation
Unlike the situation in many insects where the ocelli
form a tight triplet on the apex of the head, the ocelli of
locusts are well separated from each other (Fig. 3). The
median ocellus is recessed in a shallow cuticular depression
on the front of the head, dorsal to the mandibles and ven-
tral to the compound eyes. The median ocellar ﬁeld of view
is approximately circular, with the optical axis of the eye
lying close to 0 in both elevation and azimuth (Wilson,
1978; Stange et al., 2002). The larger lateral ocelli lie to
either side of the head, dorsal and slightly posterior to
the antennae. The lateral ocellar lenses are bounded poste-
riorly by the rims of the compound eye. The ﬁelds of view
of the lateral ocelli are approximately circular, and are cen-
tred close to the equator (elevation of 0), at azimuths of
±60–70 (Stange et al., 2002; Wilson, 1978).
3.2. Histology
3.2.1. The ocellar lenses
Both the anatomy and optics of the median and lateral
ocellar lenses are similar; the lateral ocelli can essentially be
considered as scaled-up versions of the median ocellus
Fig. 3. Sketch of the head of L. migratoria illustrating the location of the
ocelli. The median ocellus (thick arrow) lies in a shallow cuticular
depression on the front of the head. The lateral ocelli (thin arrows) are
located dorsal and posterior to the antennae. Sketch provided by Chris
Snoek.
Fig. 4. Three-dimensional reconstructions of the locust ocelli. (A) Dorsal
view of all three ocelli. (B and C) Median ocellar lens and retina from a
lateral and posterodorsal view respectively. (D) Frontal view of all three
ocelli. (E and F) Lateral ocellar lens and retina from a frontal and
laterodorsal view respectively. Note in particular the strongly curved outer
lens surfaces, the conical shapes of the retinae, and the pronounced
concavity on the inner lens surfaces. Only one lateral ocellus was actually
reconstructed, the other is a mirror copy. Vitreous zones separating lens
and retina have not been reconstructed.
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slightly between the two. While the shape of the lenses
can be quite variable in general, the median ocellus typi-
cally approximates a circle, while the lateral ocelli usually
appear as rounded triangles, which form straight edges
where they are bounded by the compound eye. Typically
the lateral ocellar lens is also slightly ﬂatter and thinner
than the median ocellus. Both lenses are large, the median
achieving a mean diameter of 455 lm and the lateral nearly
600 lm. The lenses are also relatively thick, with an on-axis
thickness of approximately 180 lm. The outer lens surface
is curved approximately uniformly across the vertical and
horizontal planes. From cross-sections of the lenses, radii
of curvatures of 295 and 395 lm were obtained for the
median and lateral ocellar lenses respectively, though again
these values diﬀered markedly between individuals. For
comparison, Cornwell (1955) gives a mean radius of curva-
ture of 460 lm for the outer lens surface, while Parry (1947)
gives a value of 230 lm. In both cases it is unclear whether
this value refers to the median or lateral ocellus.
The inner surface of the lens is relatively ﬂat over most
of its area, but forms a pronounced concavity, or dimple,
near the centre of the lens (Fig. 4C and F). The radius of
curvature of the inner lens surface changes rapidly in this
area (Fig. 5A).3.2.2. Retinal structure and relationship to lens
A thin layer of darkly pigmented cells forms a mobile
iris directly behind the inner lens surface (Fig. 5A and B).
On light adaptation these cells migrate towards the centre
of the lens until reaching the location of the dimple, which
deﬁnes the central limit of migration (Wilson, 1978).
Beyond the pigment cells, a small number of large, elongate
cells forms a vitreous or clear zone behind the inner lenssurface. These cells are watery in appearance and seem lar-
gely devoid of cellular structure under light microscopy.
This vitreous zone completely separates the retinula cells
from the lens surface, and is shorter near the periphery of
eye. A dark pigment membrane attaches directly to the
peripheral edge of the inner lens surface, curving inwards
to surround the vitreous cells and retina before forming a
sheath around the second-order neurons. Rhabdomeric
areas are generally very diﬃcult to locate from cross-sec-
tions of the locust ocelli. Cornwell (1955) appears to have
had a similar experience and describes rhabdoms as ‘appar-
ently absent’. However, the rhabdomeric area is identiﬁable
as it stains densely with toluidine blue. Within this layer
rhabdoms are occasionally identiﬁable. Proximal to this
layer lie the densely packed axons of the retinula cells,
which appear lighter in colour (Fig. 5C). Rhabdoms are
most readily apparent from frontal sections through the
ocellar retina, and their form appears to be similar to that
of Schistocerca gregaria described by Goodman, Mobbs,
and Kirkham (1979). Rhabdomeric areas are located
around the periphery of the retinula cells, and rhabdoms
form in an irregular manner at the conjunction of two or
more retinula cells (Fig. 5D). Between two and seven pho-
toreceptors may contribute to a single rhabdom complex,
hence the shape of rhabdoms varies from simple bars to
Fig. 5. Light micrographs through the median (A) and lateral (B) ocelli of Locusta. A layer of pigment cells (P) lies directly behind the lens (L) and act as a
mobile iris during light adaptation. Vitreous cells (V) form a clear zone behind the lens and separate rhabdoms (R) from the inner lens surface. The retinal
area of the section in (A) is shown in (C). The rhabdom layer (R) stains densely with toluidine blue. Rhabdom length changes over the width of the eye,
with the longest rhabdoms found near the centre of the eye. Retinula cell axons (A) project through a membranous sheath and enter the synaptic zone (S),
where contacts with second-order neurons are formed. Section in (D) is a frontal section through the median ocellar retina. Rhabdoms stain faintly and are
just visible by light microscopy (examples at arrows). Scale bars: (A), (B) 200 lm; (C) 100 lm; (D) 50 lm. Dashed line in (C) indicates the proximal limit of
rhabdoms.
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ula cells forming three or four pointed stars are the most
common form of rhabdom arrangement. Rhabdom com-
plexes are generally well separated by 6–15 lm. Rhabdom
length changes across the retina; rhabdoms near the centre
of the eye are approximately twice the length (75–100 lm in
the median and lateral ocelli, respectively) of rhabdoms
near the periphery of the eye (30–50 lm in the median
and lateral ocelli respectively).
While reﬂecting pigment is present within the basal
membrane of the retinula layer, as is evidenced by eyeshine
reﬂection (Stange et al., 2002), there is no evidence for pho-
toreceptors being individually ensheathed by reﬂecting
pigment.
3.3. Imaging by the excised lens
3.3.1. Back focal distance
The images formed by excised ocellar lenses were
observed by use of the hanging drop technique. A number
of salient properties of the lenses were established and these
are given in Table 1.The images formed by locust ocellar lenses showed con-
siderable variability in quality. As Wilson (1978) describes,
in some preparations locating the focus or foci of the lens is
diﬃcult due to the poor quality image produced. This may
be largely attributable to the multiplicity of images formed
by the lens. Often, two or more images were observable, an
example of which is shown in Fig. 6A.
In all cases locust ocellar lenses were found to form a
focal plane well beyond the proximal limit of the retina
(Fig. 7). No consistent astigmatic eﬀects were observed in
the ocellar lenses, which again showed considerable variabil-
ity in this respect. Some preparations showed astigmatic ten-
dencies in one direction, others in the perpendicular
direction, while still others showed no astigmatic eﬀect
whatsoever. Combining the results from both horizontally
and vertically modulated gratings gives a mean BFD of
670 lm for the median ocellus and 780 lm for the lateral
ocellus. For comparison, Wilson (1978) gives a mean BFD
of 586 lm in Austracris guttulosa, and Cornwell (1955)
(who explicitly assumes no refraction occurs at the inner lens
surface) gives a focal length of 960 lm for Locusta. The val-
ues obtained here fall in between these two studies.
Table 1
Optical properties of locust ocellar lenses as obtained from six prepara-
tions of Locusta migratoria
Parameter Plane Locusta migratoria
Median Lateral
Aperture (lm) Horizontal 455 588
Vertical — 621
Focal length (lm) Horizontal 604 ± 144 718 ± 171
Vertical 608 ± 174 773 ± 42
BFD (lm) Horizontal 659 ± 164 745 ± 134
Vertical 682 ± 196 814 ± 94
Vc (cycles/degree) Horizontal 0.26 ± 0.17 0.57 ± 0.25
Vertical 0.29 ± 0.10 0.34 ± 0.10
F-number 1.33 1.23
Optical sensitivity (lm2 sr) 4.5 6.6
Values are given as mean ± standard deviation where possible. Aperture
of the median ocellus of Locusta in the vertical plane could not be
obtained. Values for spatial cut-oﬀ frequency (Vc) were obtained from a
point 240 lm (median) or 280 lm (lateral) behind the inner surface of the
lens (close to the proximal limit of the retina). In no case were signiﬁcant
diﬀerences found between the horizontal and vertical planes (P < 0.05).
Fig. 6. Imaging through the ocellar lenses of Locusta at the focal plane of
the lens. The image produced by the lens is often split into several images
as shown in (A). In other cases image splitting is not as prominent, though
contrast is typically worse near the centre of the lens, as shown by the
checkerboard pattern in (B). Insets show representations of object patterns
actually used.
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The spatial cut-oﬀ frequency of the lenses was deter-
mined from MTFs of images taken between 50 and
400 lm behind the inner surface of the lens, which covers
over the entire scope of the retina. These data are shown
in Fig. 8A and B for the median and lateral ocellar lenses,
respectively. As expected from the focal length measure-
ments, spatial cut-oﬀ frequencies were not found to peak
within this 400 lm distance, indicating that the focal plane
does not lie within this range. The shallow slope of these
curves suggests that the contrast present in the image
changes little with increasing distance behind the lens sur-
face, and this is corroborated by direct observation. How-
ever, from Fig. 8, and from direct visualisation of the
images formed by the lens at the approximate level of the
retina (Fig. 7), it is clear that a poor image is still resolvable
at this location. As noted above, the image formed by ocel-
lar lenses at the focal plane was often fragmented into mul-
tiple images. This eﬀect was noticeably stronger close to the
inner surface of the lens. Images of gratings taken at points
corresponding to the location of the retina may have a sub-
stantially greater number of bars than are present in the
object itself. Nevertheless, it is clear that objects of a sur-
prisingly small spatial wavelength are resolvable by the lens
at the location of the retina.
From sections of the ocelli it was determined that the
most proximal point of the rhabdoms lies no more than
250 lm behind the most proximal point of the inner lens
surface in the case of the median ocellus, and 280 lm in
the case of the lateral ocellus. Using the mean spatial
cut-oﬀ frequencies of the lenses at points close to these
locations (Table 1), it can be determined that objects sub-
tending a visual angle of as little as 3.6 for the median
ocellus, and 2.2 for the lateral ocellus, may be resolvable
by these lenses.
3.4. Theoretical description
The lenses of L. migratoria are known to have a homo-
geneous refractive index of 1.48 (Cornwell, 1955), and
therefore their focal lengths should be well described by
thick lens optics formulae Eq. (3). Attributing a radius of
curvature to the inner lens surface is complicated by the
presence of a deep concavity (Fig. 5). However, the inner
surface of the lens is relatively ﬂat over most of its area,
and simplifying Eq. (3) by assuming an inﬁnitely large
value for r2 gives focal lengths in good agreement with
those actually observed. Using a radius of curvature of
295 lm for the median ocellus and 395 lm for the lateral
ocellus, Eq. (3) yields focal lengths of 615 and 820 lm,
respectively, which are consistent with the mean focal
lengths of 606 and 746 lm obtained by determining trans-
verse magniﬁcation Eq. (1). From this we can conclude that
most of the inner surface contributes little to the focusing
power of the lens.
The morphological and optical properties of the locust
ocelli result in an eye with very high light capturing
Fig. 7. Schematic representation of focal plane location in the locust median (A) and lateral (B) ocelli. Outlines of lens (L) and retina (R) were traced from
cross-sections of the ocelli. Focal planes lie at the location of convergence of two parallel rays. Gratings of 5 spatial wavelength imaged through the lens
are shown on the right. Images were obtained either from a point corresponding to 200 lm behind the inner lens surface, or 400 lm behind the inner lens
surface (the furthest distance at which image quality was analysed). Note that image fragmentation into multiple images is worse closer to the back surface
of the lens, but that gratings are still resolvable at this location. Note also the small improvement in image contrast with increasing distance from the inner
lens surface. Scale bars: all 200 lm.
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Land sensitivity equation Eq. (4). Taking an absorption
coeﬃcient of 0.0067 lm1 as typical of arthropod photo-
receptors (Land, 1981; Warrant & Nilsson, 1998), and
using the values given in Table 1, with a mean receptor
diameter of 12.5 lm (the average diameter given by
Goodman et al. (1979)), and receptor lengths of 75–
100 lm, gives absolute sensitivities of 4.5 and 6.6 lm2 sr
for the median and lateral ocelli, respectively. For com-
parison, performing the same calculation for light adapted
compound eye ommatidia of Locusta (from values pro-
vided in Williams, 1982; Warrant, 1993) gives an optical
sensitivity of only 0.2 lm2 sr.4. Discussion
4.1. Gross morphology: comparison with previous research
The gross morphology of the ocelli of Locusta has been
described in two previous studies, albeit with conﬂicting
results. Parry (1947) describes the ocellar lenses of Locusta
as thin and plano-convex, with a strongly curved outer sur-
face and a ﬂat inner surface. He describes the distal tips of
the retinula cells as lying within 90 lm of the outer lens sur-
face. Cornwell (1955), on the other hand, describes the
same lens as much thicker (180 lm) and of a biconvex
shape with a slight depression near the centre of the inner
Fig. 8. Spatial cut-oﬀ frequency as a function of distance for the median
(A) and lateral (B) ocelli of Locusta. A large degree of variation is present
in the image quality produced by the lenses, as is evident by large standard
error bars. In no case do the curves peak within the 400 lm range
examined, indicating that the focal plane does not lie within this range. All
curves are very ﬂat, indicating that contrast changes little with distance.
Legends indicate the orientation of the stimulus used. Dashed lines
indicate the proximal limit of the rhabdom layer.
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forming a distinct cup shape around the lens, almost
attaching to the inner surface of the lens at its periphery.
Near the midline of the lens a deep (230 lm) corneagen
layer is described to separate the inner lens surface from
the retina.
In order to clarify their gross morphology, we investi-
gated the ocelli of Locusta by traditional histological
means as well as three-dimensional reconstruction. The
morphology of the ocelli described here conforms closely
to that described by Cornwell (1955), except that some
pigmented sheathing cells appear to have been incorrectly
identiﬁed as sensory cells in the latter. The median and
lateral ocelli of Locusta are structurally and optically sim-
ilar. The lens consists of a convex outer surface that can
be strongly curved, and an irregularly shaped inner sur-
face which contains a pronounced concavity. The cup-
shaped retina is separated from the lens by a clear zoneover its entire area, and rhabdom length is greatest near
the optical axis of the eye.
The ocelli of Locusta also bear similarities to those of
the locust A. guttulosa (Wilson, 1978). Notably, Wilson
(1978) describes an inwards depression as present on the
inner surface of the lenses of Austracris, though it appears
to be far less pronounced than in Locusta.
4.2. Adaptations for resolution
In agreement with all other studies on ocellar optics in
the locust, measurement of the BFDs of the lenses showed
them to be profoundly underfocused with respect to the
retina. Nevertheless, the image formed by the lens at the
approximate location of the retina is suﬃcient to resolve
gratings of relatively small spatial wavelengths (Fig. 7).
At this location the movement of a small simple object,
for example a pen, across the ﬁeld of view of the lens can
also be detected by a human observer. From examination
of the image formed by the ocellar lenses at various loca-
tions of defocus, it is estimated that, at best, these eyes
would be capable of resolving objects subtending angles
of greater than 2.2–3.6. Indeed, despite a similar degree
of underfocusing, the resolving power of the locust ocelli
is considerably higher than that of C. erythrocephala (Schu-
ppe & Hengstenberg, 1993).
Two morphological factors also suggest that some
degree of resolution is important in the functioning of these
eyes. In particular, resolution is enhanced by the strongly
curved outer lens surface, which locates the focal plane of
the lens relatively close to the retinal layer. The presence
of a deep vitreous zone separating the inner lens surface
and the retina improves resolution for the same reason.
However, care must be taken when drawing conclusions
about the function of an eye from anatomy and dioptrics
alone, as it is often ambiguous which factors are of primary
importance to the animal. The relatively short focal length
produced by the strongly curved outer lens surface, for
instance, not only improves resolution, but also sensitivity
to extended sources of light, and it is currently unclear
which of these factors is of greater importance to locusts.
4.3. Factors aﬀecting resolution
While the structure of the eye appears to support a
degree of resolution, a number of factors will certainly
degrade resolution well beyond the 2.2–3.6 limit given
above.
First, the image formed at the level of the retina is often
not a single, poorly focused image, but instead consists of
several fragmented images. It seems likely that this eﬀect
arises from the shape of the inner lens surface. While it
was concluded that the predominantly ﬂat inner surface
of the lens contributes relatively little to the focussing
power of the lens (Section 3.4), this statement is almost cer-
tainly not true of the central dimple area, where the curva-
ture of the lens changes strongly. The radius of curvature
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mal description and modelling of the lens diﬃcult. How-
ever, the shape of locust ocellar lenses is partially
analogous to the bilobed shape of the dragonﬂy median
ocellar lens in the horizontal plane (detailed in the accom-
panying publication (Berry, Stange, & Warrant, 2007a)). In
the case of the dragonﬂy, the inner surface of the median
ocellar lens is also strongly concave near its centre. Ray
tracing through the dragonﬂy median ocellar lens demon-
strates that this shape results in bilateral splitting of rays
into two points of focus. In Locusta, ray splitting by the
inner lens surface will be decidedly more irregular, due to
its non-uniform curvature. Ray dispersal by the central
concavity may also be the primary cause of the very ﬂat
spatial cut-oﬀ frequency functions observed in Fig. 8, as
light rays are not brought into a single sharp focus at
any particular point, but rather are dispersed unevenly
across the imaging plane. In any case, the method used here
to determine MTFs of the lens calculates the contrast from
the highest and lowest contrast values present over a rela-
tively large region of the image. As the image formed by the
lens is not of uniformly high contrast over the entire imag-
ing plane, the spatial cut-oﬀ frequencies obtained here may
be an overestimation of the typical imaging quality of the
lens.
A second factor degrading the possible resolution of
locust ocelli is that while rhabdoms are well separated
throughout the retina, the arrangement is quite irregular,
which makes discrimination of small objects unlikely.
Thirdly, individual rhabdoms are not optically isolated
by reﬂecting or absorbing pigment. As such, incident light
rays may be expected to pass through several rhabdoms
prior to arrival at their target; optical cross-talk may pose
a serious problem. The fourth, and probably most critical
factor degrading resolution, is the possibility of neural
pooling. In locusts, as in many insects (rev. Goodman,
1981), the synaptic structure of neural constituents within
the ocellar plexus is complex. Goodman et al. (1979) per-
formed a comprehensive analysis of the ﬁne structure of
the ocellar plexus of S. gregaria. They report that between
two and seven retinula cells form a single rhabdom com-
plex, and the axons of neighbouring retinula cells typically
project through the tapetum and basal membrane in bun-
dles packaged by glial cells. Within these bundles, receptor
cells make numerous and often reciprocal synaptic contacts
onto other receptor cells. In addition, reciprocal synapses
from second-order neurons to other second-order neurons
and to receptor cells are also common. It is therefore highly
likely that the signal from a single retinula is spread
amongst its neighbours, which can increase the sensitivity,
or signal reliability of the eye, but at the cost of spatial res-
olution. Bundles of retinula cell axons are well isolated
from each other, however, and it is possible that each bun-
dle acts as a discrete spatial unit itself.
Additionally, given that there are 800–1000 retinula
cells, but only seven large and 21–23 small interneurons
per ocellus (termed L- and S-neurons, respectively) (Good-man et al., 1979; Goodman, 1976; Goodman & Williams,
1976), we must assume that the spatial output of the sec-
ond-order neurons will be signiﬁcantly worse than that of
the photoreceptors due to enormous input convergence.
Indeed, Wilson (1978) provides the only available data of
the spatial resolving power of locust ocellar interneurons.
He measured receptive ﬁelds along a horizontal trajectory
in locust lateral ocelli, and found L-neurons to have a mean
acceptance angle of 81. Total extents of the ﬁelds were
130, which is nearly equivalent with the ﬁeld of view of
the entire ocellus. However, the dendritic branches of lat-
eral ocellar L-neurons cover almost the entire ocellar
plexus in the horizontal plane, and consequently large
receptive ﬁelds are to be expected from these cells. Sim-
mons (1982) ﬁnds that the dendritic arborizations of L-
neurons in the lateral ocelli are often restricted to relatively
small regions along the dorsoventral axis, suggesting that
receptive ﬁelds may be considerably more restricted in ele-
vation than in azimuth (as was measured by Wilson, 1978).
In the median ocellus, dendritic arborizations of the L-neu-
rons are typically restricted to one lateral half of the med-
ian ocellar plexus (Goodman et al., 1979; Taylor, 1981b). If
some degree of spatial resolution in azimuth is permitted
by the lens and retinal arrangement, then it is reasonable
to assume that at least two spatial sampling stations are
preserved at the level of the median ocellar L-neurons.
Lastly, small ocellar interneurons (S-neurons) constitute
the majority of neurons in the ocellar nerve, and these may
have quite restricted dendritic arbours in the ocellar neuro-
pile (Goodman et al., 1979). Receptive ﬁelds of the S-neu-
rons may therefore be considerably more restricted than
those of the L-neurons.
4.4. Adaptations for sensitivity
As Wilson (1978) notes, the ocelli may be considered to
surpass the performance of the compound eyes in two
respects; speed and sensitivity. Ocellar information is
undoubtedly conducted rapidly to wing motor ganglia, as
suggested by the enormous diameter of large ocellar inter-
neurons, as well as their direct connection with ﬂight motor
centres (Strausfeld, 1976; Reichert & Rowell, 1985). Deter-
mining the sensitivity of the locust ocelli by Eq. (4) yields
values that are some 22.5–33 times higher than those of
the compound eyes (Section 3.4). Given that resolution will
be seriously degraded by factors such as neural pooling and
high convergence ratios, whereas sensitivity will be further
enhanced for the same reasons, it is reasonable to assume
that the locust ocelli are primarily engineered for high sen-
sitivity rather than resolution.
4.5. Functional consequences of eye design
As described above, the ocelli of the locust do contain
features which may be interpreted as adaptations for spa-
tial resolution. High resolution does not appear to be desir-
able here, yet some degree of resolution certainly seems
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much higher than has been considered by previous investi-
gators (Cornwell, 1955; Parry, 1947; Wilson, 1978). In
addition, locust ocelli appear to contain foveal regions.
The more proximal placement of rhabdoms near the centre
of the eye, as well as their greater length, suggests that both
sensitivity and resolution are enhanced in this region. Fea-
tures of the world lying close to the optical axis of the eye
should therefore be better resolved in terms of contrast and
spatial resolution.
As noted by Stange et al. (2002), the ability to perceive
form is extremely beneﬁcial in terms of attitude stabilisa-
tion as it allows delineation of the horizon—a task which
requires minimal spatial acuity. Using the line of demarca-
tion between the sky and ground as a reference landmark
also eliminates the problem of inappropriate attitude cor-
rection when, for example, the sun falls into the ﬁeld of
view of an ocellus (Chahl et al., 2003). However, from
experiments on locusts in tethered ﬂight, Taylor (1981a)
ﬁnds no evidence for such a function. He found that correc-
tive head roll responses could be elicited by the rotation of
an artiﬁcial horizon (a drum consisting of light and dark
halves) around the body of a locust, such that the lateral
ocelli were stimulated by intensity changes of the opposite
polarity. Head roll in locusts could be attributed to the
ocelli alone as the compound eyes were ablated at the time.
However, inverting the horizon, such that the dark half of
the horizon lies on the animals dorsal side, produced no
change in the response, whereas animals with intact com-
pound eyes attempted to orient themselves to the new posi-
tion of the horizon (essentially by attempting to ﬂy upside
down). Taylor (1981a) concluded that the ocelli are driven
only by changes in relative intensity, and that they are inca-
pable of using a sky-ground pattern to determine absolute
body position. This does not, however, preclude tracking
of the sharp edge formed between the sky and the ground.
It is possible that directionally selective movement
responses, as have been demonstrated in dragonﬂy ocelli
(Zenkin & Pigarev, 1971), act synergistically with measure-
ment of global intensity ﬂuctuations to assist in maintain-
ing ﬂight stability.
5. General conclusions
Since the early twentieth century, ocellar researchers
have largely assumed that they are incapable of form vision.
A growing body of evidence has begun to emerge to indicate
that this is not universally true, with evidence for some
capacity for spatial resolution demonstrated in the blowﬂy
(Schuppe & Hengstenberg, 1993), the dragonﬂy (Berry
et al., 2006; Berry et al., 2007b; Stange et al., 2002; vanKleef
et al., 2005), nocturnal and diurnal paper wasps (Warrant
et al., 2006), and now the locust. It is shown here that locust
ocelli are primarily suited for high sensitivity, but that adap-
tations for resolution are also present.
As Wilson (1978) and Mizunami (1994b) note, the
degree of complexity and variation present in ocellisuggests that they subserve diﬀerent functions in diﬀerent
insects, and perhaps even multiple information processing
pathways subserve diﬀerent functions in the same insect.
In ﬂying insects, variations in the dioptrics and anatomy
of the ocelli may represent diﬀerent functional require-
ments along a continuous spectrum of features. The ocelli
of the relatively slow ﬂying locusts, as well as those of
the blowﬂy (Schuppe & Hengstenberg, 1993), presumably
lie at the lower end of the spatial resolution spectrum.
The ocelli of paper wasps, where the focal plane of the ocel-
lar lenses lie close to the retina, sit in the moderate resolu-
tion range (Warrant et al., 2006), while the somewhat
specialised ocelli of the fast ﬂying dragonﬂy lie at the upper
end of the spatial resolution spectrum.
Acknowledgments
This work was sponsored by the Air Force Oﬃce of
Scientiﬁc Research (AFOSR), contract AOARD-03-4009.
We would like to thank Prof. Mandayam Srinivasan for
his ready advice in developing optical stimuli, as well as
Joshua van Kleef for his assistance with numerous aspects
of image analysis.
References
Berry, R. P., Stange, G., Olberg, R., & van Kleef, J. (2006). The mapping
of visual space by identiﬁed large second-order neurons in the
dragonﬂy median ocellus. Journal of Comparative Physiology A, 192,
1105–1123.
Berry, R. P., Stange, G. & Warrant, E. J. (2007a). Form vision in the
insect dorsal ocelli: an anatomical and optical analysis of the dragonﬂy
median ocellus. Vision Research, 47, 1394–1409.
Berry, R. P., van Kleef, J. & Stange, G. (2007b). The mapping of visual
space by dragonﬂy lateral ocelli. Journal of Comparative Physiology A,
in press.
Campbell, F. W., & Green, D. G. (1965). Optical and retinal factors
aﬀecting visual resolution. Journal of Physiology, 181, 576–593.
Campbell, F. W., & Gubisch, R. W. (1966). Optical quality of the human
eye. Journal of Physiology, 186, 558–578.
Chahl, J., Thakoor, S., Bouﬀant, N. L., Stange, G., Srinivasan, M. V.,
Hine, B., et al. (2003). Bioinspired engineering of exploration systems:
a horizon sensor/attitude reference system based on the dragonﬂy
ocelli for mars exploration applications. Journal of Robotics, 20, 35–42.
Chappell, R. L., & DeVoe, R. D. (1975). Action spectra and chromatic
mechanisms of cells in the median ocelli of dragonﬂies. Journal of
General Physiology, 65, 399–419.
Chappell, R. L., Goodman, L. J., & Kirkham, J. B. (1978). Lateral ocellar
nerve projections in the dragonﬂy brain. Cell and Tissue Research, 190,
99–114.
Cornwell, P. B. (1955). The functions of the ocelli of Calliphora (Diptera)
and Locusta (Orthoptera). Journal of Experimental Biology, 32(2),
217–237.
Goodman, L. J. (1965). The role of certain optomotor reactions in
regulating stability in the rolling plane during ﬂight in the desert locust,
Schistocerca gregaria. Journal of Experimental Biology, 42, 385–497.
Goodman, C. S. (1976). Anatomy of the ocellar interneurons of acridid
grasshoppers. I. The large interneurons. Cell and Tissue Research, 175,
183–202.
Goodman, L. J. (1981). Organisation and physiology of the insect dorsal
ocellar system. In H. Autrum (Ed.). Handbook of sensory physiology:
Comparative physiology and evolution of vision in invertebrates (Vol. II/
6C, pp. 201–286). Berlin: Springer-Verlag.
R.P. Berry et al. / Vision Research 47 (2007) 1382–1393 1393Goodman, C. S., & Williams, J. L. D. (1976). Anatomy of the ocellar
interneurons of acridid grasshoppers. II. The small interneurons. Cell
and Tissue Research, 175, 203–225.
Goodman, L. J., Mobbs, P. G., & Kirkham, J. B. (1979). The ﬁne
structure of the ocelli of Schistocerca gregaria. The neural organisation
of the synaptic plexus. Cell and Tissue Research, 196, 487–510.
Guy, R. G., Goodman, L. J., & Mobbs, P. G. (1979). Visual interneurons
in the bee brain: synaptic organisation and transmission by graded
potentials. Journal of Comparative Physiology, 134, 253–264.
Homann, H. (1924). Zum Problem der Ocellenfunktion bei den Insekten.
Zeitschrift fu¨r Vergleichende Physiologie, 1, 541–578.
Hu, K. G., Reichert, H., & Stark, W. S. (1978). Electrophysiological
characterization of Drosophila ocelli. Journal of Comparative Physiol-
ogy, 126, 15–24.
Jagger, W. S. (1996). Image formation by the crystalline lens and eye of
the rainbow trout. Vision Research, 36(17), 2641–2655.
Kastberger, G., & Schuhmann, K. (1993). Ocellar occlusion eﬀect on the
ﬂight behaviour of homing honeybees. Journal of Insect Physiology,
39(7), 589–600.
Kirschfeld, K., & Lutz, B. (1977). The spectral sensitivity of the ocelli of
Calliphora (Diptera). Zeitschrift fu¨r Naturforschung, 32, 439–441.
Land, M. F. (1981). Optics and vision in invertebrates. In H. Autrum
(Ed.). Handbook of sensory physiology: Comparative physiology and
evolution of vision in invertebrates (Vol. II/6B, pp. 471–592). Berlin:
Springer-Verlag.
Land, M. F. (1984). The resolving power of diurnal superposition eyes
measured with an opthalmoscope. Journal of Comparative Physiology
A, 154, 515–533.
Lazzari, C. R., Reisman, C. E., & Insausti, T. C. (1998). The role of the
ocelli in the phototactic behaviour of the haematophagus bug
Triatoma infestans. Journal of Insect Physiology, 44, 1159–1162.
Mizunami, M. (1994a). Functional diversity of neural organization in
insect ocellar systems. Vision Research, 35(4), 443–452.
Mizunami, M. (1994b). Information processing in the insect ocellar
system: comparative approaches to the evolution of visual processing
and neural circuits. Advances in Insect Physiology, 25, 151–265.
Mobbs, P. G., Guy, R. G., Goodman, L. J., & Chappell, R. L. (1981).
Relative spectral sensitivity and reverse purkinje shift in identiﬁed L
neurons of the ocellar retina. Journal of Comparative Physiology, 144,
91–97.
Neumann, T. R. & Bu¨lthoﬀ, H. H. (2002). Behavior-oriented vision for
biomimetic ﬂight control. In Proceedings of the EPSRC/BBSRC
International Workshop on Biologically Inspired Robotics, pp. 14–16,
196–203.
Parry, D. A. (1947). The function of the insect ocellus. Journal of
Experimental Biology, 24, 211–219.
Patterson, J. A., & Chappell, R. L. (1980). Intracellular responses of
procion ﬁlled cells and whole nerve cobalt impregnation in the
dragonﬂy median ocellus. Journal of Comparative Physiology, 139,
25–39.Reichert, H., & Rowell, C. H. F. (1985). Integration of nonphaselocked
exteroceptive information in the control of rhythmic ﬂight in the
locust. Journal of Neurophysiology, 53(5), 1201–1218.
Schricker, B. (1965). Die Orientierung der Honigbiene in der Da¨mmerung.
Zugleich ein Beitrag zur Frage der Ocellenfunktion bei Bienen.
Zeitschrift fu¨r Vergleichende Physiologie, 49, 420–458.
Schuppe, H., & Hengstenberg, R. (1993). Optical properties of the ocelli of
Calliphora erythrocephala and their role in the dorsal light response.
Journal of Comparative Physiology A, 173, 143–149.
Simmons, P. J. (1982). Transmission mediated with and without spikes at
connexions between large second-order neurons of locust ocelli.
Journal of Comparative Physiology A, 147, 401–414.
Stange, G. (1981). The ocellar component of ﬂight equilibrium control in
dragonﬂies. Journal of Comparative Physiology, 141, 335–347.
Stange, G., & Howard, J. (1979). An ocellar dorsal light response in a
dragonﬂy. Journal of Experimental Biology, 83, 351–355.
Stange, G., Stowe, S., Chahl, J. S., & Massaro, A. (2002). Anisotropic
imaging in the dragonﬂy median ocellus: a matched ﬁlter for horizon
detection. Journal of Comparative Physiology A, 188, 455–467.
Strausfeld, N. J. (1976). Atlas of an insect brain. Berlin: Springer-Verlag.
Taylor, C. P. (1981a). Contribution of compound eyes and ocelli to
steering of locusts in ﬂight. I. Behavioural analysis. Journal of
Experimental Biology, 93, 1–18.
Taylor, C. P. (1981b). Graded interactions between identiﬁed neurons
from the simple eyes of an insect. Brain Research, 215, 382–387.
van Kleef, J., James, A. C., & Stange, G. (2005). A spatiotemporal
white noise analysis of photoreceptor responses to UV and green
light in the dragonﬂy median ocellus. Journal of General Physiology,
126, 481–497.
von Hess, C. (1920). Untersuchungen zur Physiologie der Stirnaugen bei
Insekten. Pﬂu¨gers Archiv, 181, 1–16.
Warrant, E. J. (1993). Can neural pooling help insects see at night?
Proceedings of the IEEE International Conference on Systems. Man
and Cybernetics, 3, 150–155.
Warrant, E. J., & McIntyre, P. D. (1993). Arthropod eye design and the
physical limits to spatial resolving power. Progress in Neurobiology, 40,
413–461.
Warrant, E. J., & Nilsson, D.-E. (1998). Absorption of white light in
photoreceptors. Vision Research, 38(2), 195–207.
Warrant, E. J., Kelber, A., Walle´n, R., & Wcislo, W. T. (2006). Ocellar
optics in nocturnal and diurnal bees and wasps. Arthropod Structure
and Development, 35, 293–305.
Williams, D. S. (1982). Ommatidial structure in relation to turnover of
photoreceptor membrane in the locust. Cell and Tissue Research, 225,
595–617.
Wilson, M. (1978). The functional organisation of locust ocelli. Journal of
Comparative Physiology A, 124, 297–316.
Zenkin, G. M., & Pigarev, I. N. (1971). Optically determined activity
in the cervical nerve chain of the dragonﬂy. Bioﬁzika, 16(2),
299–306.
